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Mg2Si0.995Sb0.005 compound was prepared by the high-pressure high-tempera-
ture (HPHT) method. The simultaneous synthesis and consolidation in one step
could be completed in<15 min. The effects of pressure and temperature on the
thermoelectric properties of Mg2Si0.995Sb0.005 were analyzed in this work. With
the pressure and temperature increasing, the electrical conductivity rises
markedly, while the Seebeck coefficient changes slightly, which results in sig-
nificant enhancement of the power factor. The Mg2Si0.995Sb0.005 sample pre-
pared under the condition of 1073 K and 2 GPa achieves the highest power factor
of �2.12 9 10�3 W m�1 K�2 at 575 K. As the sample prepared at 973 K and
2 GPa retains a lower thermal conductivity, it obtains the highest thermoelec-
tric figure-of-merit ZT �0.62 at 800 K. In conclusion, the HPHT method can
serve as a route to prepare Sb-doped Mg2Si thermoelectric materials efficiently.
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INTRODUCTION

Magnesium silicide (Mg2Si)-based thermoelectric
materials are promising candidates in the middle
temperature range (500–800 K) for converting heat
into electricity efficiently. The elements of Mg2Si
compounds are abundant in the Earth’s crust, and
low-cost and nontoxic, which are consistent with the
policy forenvironmentally-friendlydevelopment.They
have low density (<2 g cm�3) and high thermal sta-
bility (melting temperature �1273 K), which encour-
ages growth of the light and economical systems used
in aerospace and military vehicles.1 Although Mg2Si is
not as efficient as Mg2Si1�xSnx,

2,3 it also exhibits a
promising thermoelectric performance due to its high
carrier mobility, large effective mass and compara-
tively low lattice thermal conductivity.

Pressure can significantly modify the electron
band structure and energy gap of thermoelectric
materials.4 For instance, both Bi2Te3 in �5–7 GPa5

and PbTe in �13–16 GPa6 demonstrate a metaliza-
tion tendency, and that permitting modulation Eg

and hence optimizing the thermoelectric state.4

Mg2Si is an indirect narrow band gap semiconduc-
tor and consists of an anti-fluorite crystal structure
with Si in FCC (face-centered cubic) sites and Mg in
tetrahedral positions. It has large interstitial voids
in the center, suggesting that the lattice is rather
soft, and thus may be significantly modified by
applied pressure.7 It has been established that
Mg2Si undergoes structural phase transition (cubic
anti-fluorite structure, orthorhombic anti-cotunnite
structure and hexagonal Ni2In-type structure)
under high pressure.8–12 Recently, it was reported
that the power factor of Al-doped Mg2Si reaches the
maximum value of about 8 9 10�3 W m�1 K�2 in
the pressure range of 2–3 GPa in ambient condi-
tions, which far outweighs its counterparts in the(Received June 9, 2016; accepted October 11, 2016;

published online October 26, 2016)

Journal of ELECTRONIC MATERIALS, Vol. 46, No. 5, 2017

DOI: 10.1007/s11664-016-5056-6
� 2016 The Minerals, Metals & Materials Society

2570

http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-016-5056-6&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s11664-016-5056-6&amp;domain=pdf


published literature.7 However, the enhancement
diminishes once the pressure is removed, indicating
that the high-pressure processing in ambient con-
ditions is reversible. Thus, the high-pressure high-
temperature (HPHT) route has been employed for
synthesizing thermoelectric materials aiming to
achieve the above superior thermoelectric proper-
ties at high pressure. Some traditional thermoelec-
tric materials like PbTe, AgSbTe2, CoSb3 prepared
by the HPHT route also show improved thermoelec-
tric properties and high efficiency.13–15 Up to now,
there has been no report of Sb-doped Mg2Si pre-
pared by the HPHT route. This work is focusing on
the HPHT processing of Mg2Si0.995Sb0.005 and estab-
lishing its thermoelectric properties.

EXPERIMENTAL

High-purity powders of Mg (99.5%), Si (99.99%)
and Sb (99.999%) in stoichiometric ratio, dipped in
hexane, were well mixed in an agate mortar and
then pressed into pellets of 3 mm in height and
15.2 mm in diameter. The bulk of the
Mg2Si0.995Sb0.005 compound was prepared by the
HPHT method in one step on a cubic multi-anvil
apparatus. The simultaneous synthesis and consol-
idation of Mg2Si0.995Sb0.005 in one step were com-
pleted at the pressure of 2–2.5 GPa and the
temperature of 973–1123 K within 15 min.

The constituent phases were measured by x-ray
diffraction (XRD; Bruker: D8 Advance, CuKa). The
samples’ micro-structures were characterized by
using field emitting scanning electron microscopy
(FESEM; Zeiss Ultra plus). The back-scattered
electron images (BSI) and the chemical composition
of the polished surfaces were obtained with an
electron probe micro-analyzer (EPMA; JXA-8230,
Japan) equipped with wavelength dispersive x-ray
spectroscopy (WDS). The electrical conductivity and
the Seebeck coefficient were measured simultane-
ously by the standard four-probe method (ZEM-3;
Sinku-riko) in a He atmosphere. The thermal
conductivity was calculated from the measured
thermal diffusivity (k), heat capacity (Cp), and
density (d) by the equation: j = Cpkd. d and k were
measured by the Archimedes method and laser-
flash technique (Netzsch: LFA 457), and Cp refers to
the data from NIST (National Institute of Standards
and Technology). The uncertainties are ±5% for the
electrical conductivity and the Seebeck coefficient,

and ±7% for the thermal conductivity, leading to
�10% uncertainty in ZT.

RESULTS AND DISCUSSION

Table I shows some room-temperature physical
parameters for all samples. The XRD patterns in
Fig. 1 show that all the compounds prepared by the
HPHT are almost single phase materials. Tiny Mg
and MgO peaks are detected in almost all samples
which is common in synthesized Mg2Si com-
pounds.16–20 The impurity becomes even weaker
when the pressure grows to 0.5 GPa higher or the
temperature goes 50 K higher. The main Bragg
peaks perfectly match the standard peaks of Mg2Si
(PDF#035-0773) which crystallizes into the cubic
anti-fluorite structure. This indicates that the
HPHT method is applicable to the synthesis of
Mg2Si-based thermoelectric materials.

Figure 2 shows the micrographs of the fresh
fracture surface obtained by FESEM. It is clear
that the matrix is densely compacted, which is in
agreement with the high density values as shown in
Table I. The grain size of the matrix is about 2–6 lm
as shown in Fig. 2a and b. This demonstrates that
dense Mg2Si0.995Sb0.005 bulks can be obtained
through the HPHT route in one step. Figure 3a
manifests the back-scattered electron images (BSI)
of the polished surface of the sample under the
conditions of 1023 K and 2 GPa, and reveals that

Table I. Physical parameters of all samples at room temperature

Sample no. HPHT parameters Density (g cm23) r (104 3 S m21) a (l V K21) jL (W m21 K21)

1 973 K–2 GPa 2.02 1.09 �118.5 5.52
2 1023 K–2 GPa 2.02 4.80 �97.8 7.81
3 1023 K–2.5 GPa 2.03 5.20 �112.8 8.18
4 1073 K–2 GPa 2.02 6.15 �102.8 8.48
5 1123 K–2.5 GPa 2.03 6.24 �114.5 9.08

Fig. 1. The XRD patterns of Mg2Si0.995Sb0.005 prepared by HPHT.
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Fig. 3. Sample under 1073 K–2 GPa: (a) BSI on polished surface; (b, c) Mg, Si, Sb elements distribution maps; (d) EDS on FESEM; (e) WDS on
EPMA.

Fig. 2. The different magnified micro-graph of the fresh fracture surfaces of sample under 1073 K–2 GPa, (a) 92000, (b) 920,000.

J. Li, Chen, Duan, Zhu, Hu, Zhai, and P. Li2572



there is phase segregation in the specimen, whose
scenario is similar to those of samples prepared by
the self-propagating high-temperature synthesis
method.21 Together with the elemental distribution

maps (Fig. 3b–d), it is proved that Mg and Si are
distributed evenly on the micro-scale, but Sb is not.
However, Sb is not reflected by the energy disper-
sive spectrum (EDS) as shown in Fig. 3e due to its
trace amount. Actually, the varied contents of Sb in
different areas are determined by using the EPMA
with WDS, which are listed in Fig. 3f. It can be
inferred that the Sb content in the bright gray areas
is significantly larger than in the dark gray areas.

Temperature-dependent electronic transport
properties are shown in Fig. 4. It is identified that
Sb occupies the Si site acting as a donor to
effectively enhance the electron carrier concentra-
tion.22,23 The electrical conductivity of Sb-doped
Mg2Si is significantly enhanced compared to that of
pure Mg2Si.24 While the temperature and pressure
increase, the highest value of the electrical conduc-
tivity for the sample prepared under 1023 K and 2
GPa is 7.6 9 105 S m�1. As the pressure and tem-
perature reach 2.5 GPa and 1123 K, the sample’s
electrical conductivity is weakened slightly. With
temperature increasing gradually, the electrical
conductivity firstly increases, then drops. In the
low temperature range, the intrinsic excitation may
happen which results in more electron carriers and
thus increases the electrical conductivity,25,26 while
in the high temperature range, the temperature
dependence of mobility follows l�T�3/2 and the
acoustic lattice scattering becomes the predominant
mechanism.25–27 Thus, the electrical conductivity
drops rapidly in high temperature ranges. The
absolute values of the Seebeck coefficient increase
roughly monotonously with temperature. Since all
samples have the same nominal composition and
similar carrier concentrations, the Seebeck coeffi-
cients approximately approach each other.

Experiencing compensation between electrical
conductivity and Seebeck coefficient, the power
factor is marginally enhanced for the samples under
the conditions of 1023 K–2 GPa and 1123 K–2.5
GPa, and both reach the maximum value of
2.1 9 10�3 W m�1 K�2.

Figure 5 displays the temperature-dependent
thermal conductivity j. It is obvious that the j of
the sample under the condition of 973 K–2 GPa is
the lowest compared to others in the whole temper-
ature range. The j of the other samples demon-
strate little deviation, especially at 600–800 K. At
300–600 K, the thermal conductivity rises a little
with the increasing pressure and temperature. The
lattice thermal conductivity jL is presented in the
inset of Fig. 5. The term jL is obtained from the
total thermal conductivity j by subtracting the
electronic thermal conductivity LrT (using the
Wiedemann–Franz law) where L is the Lorentz
number (2.45 9 10�8 V2 K�2).28,29 It is obvious that
jL dominates the thermal conductivity for all sam-
ples and the jL of samples prepared by the HPHT
method is much lower than by other routes.21

In general, jL is described by the equation jL = (1/
3)Cvml = (1/3)Cvm

2s., where Cv, m, l, s are the specific

Fig. 4. The temperature-dependent electrical conductivity (a), See-
beck coefficient (b), and power factor (c) of all samples.
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heat, phonons velocity, phonons mean free path and
phonons relaxation time, respectively. The overall
relaxation time is expressed as 1/s = 1/sB + 1/sD + 1/
sU where sB, sD and sU represent phonons relaxation
time concerning grain boundary scattering, point
defect scattering and phonon–phonon U-process
scattering. High-frequency phonons can be effec-
tively impeded by point defect scattering such as Sb
doping and residual strain. The mass and radius of
Sb and Si atoms differ greatly which results in mass
fluctuation and strain. Meanwhile, the compression
of the Mg-Si bonds introduced by the HPHT could
cause a slight change in the lattice vibration mode.
Those factors will result in strong phonons scatter-
ing and consequently decrease the lattice thermal
conductivity.

The temperature dependence of the ZT for
Mg2Si0.995Si0.005 compounds calculated from the
above data is presented in Fig. 6. Except for the

sample under 1123 K–2.5 GPa, as the temperature
increases, the ZT values increase monotonously.
The maximum value of 0.62 is achieved at 800 K for
the compound prepared under 973 K and 2 GPa,
which is comparable to the results in the published
literature.21,22,26

CONCLUSIONS

The Mg2Si0.995Sb0.005 bulks were prepared by the
HPHT route within 15 min, which merged the
synthesis and the consolidation into one step. The
phase and micro-structure have been evaluated
carefully and the data indicate that Sb is not
distributed evenly. With pressure and temperature
rising, the electrical conductivity is significantly
enhanced. The absolute values of the Seebeck
coefficients are increasing monotonously and the
power factors reach the maximum values of
2.1 9 10�3 W m�1 K�2 for the samples prepared
under 1073 K–2 GPa and 1123 K–2.5 GPa. The
lattice thermal conductivity dominates the thermal
transport and decreases rapidly with temperature.
Due to the point defect scattering introduced by the
Sb dopants and high pressure, jL is lower than most
results in the literature. As a result, the maximum
thermoelectric dimensionless figure of merit ZT
�0.62 is achieved at 800 K. This indicates that
HPHT is an effective route for preparing Sb-doped
Mg2Si thermoelectric materials.
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